Esophageal epithelial cells contain an apical cation channel that actively absorbs sodium ions (Na + ). Since these channels are exposed in vivo to acid reflux, we sought the impact of high acidity on Na + channel function in Ussing-chambered rabbit epithelium.
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INTRODUCTION:
The esophagus is a muscular tube lined by a moist stratified squamous epithelium that like that of frog skin and toad urinary bladder, is electrically tight and actively transports sodium ions (Na + ) from lumen to blood (24) . Investigations of Na + transport in frog skin have documented that luminal Na + crosses the apical membrane through a Na + channel and exits the cell in exchange for K + across the basolateral membrane via the action of the enzyme, NaK,ATPase. K + then is recycled across the basolateral membrane via a barium (Ba 2+ )-sensitive K + channel (34) . Further, the rate limiting step for Na + absorption in tight epithelia is Na + movement through the apical Na + channel, a channel characterized by a high Na + selectivity and high sensitivity to inhibition by amiloride (11) . In 1994, Canessa and colleagues cloned the Na + channel and established that it consisted of 3 functional subunits known as , , and EnaC (6) . More recently, Awayda and colleagues used antibodies to specific EnaC subunits to show by Western Blotting that the Na + channel in native rabbit esophageal stratified squamous epithelium (ESSE) possessed the same 3 subunits and that the amino acid sequence for ENaC in ESSE was the same as that of the Na + channel cloned from kidney (2, 3) . Despite structural similarities, the Na + channel in ESSE like that in sheep rumen, differs functionally from the classic Na + channel in that it is neither Na + -selective nor amiloride-sensitive (2, 16) . With respect to selectivity, the Na + channel in ESSE was observed to support a similar Isc when Na + was substituted with either K + or Li + .
Another notable aspect of the Na + channel in ESSE is that in vivo in humans it is exposed to high levels of acidity due to repeated daily exposure to refluxates from the stomach whose pHs may attain values as low as pH ~1.0. Moreover, esophageal pH monitoring has documented that acid reflux extends well beyond the distal esophagus and into proximal esophagus in both healthy subjects (adults and children) and subjects with gastroesophageal reflux disease (GERD) (5, 7, 36) -with proximal reflux being much more common in the post prandial period and when ambulatory rather than sedentary (10) . In one recent report, 39% of 130 patients suspected of having laryngopharyngeal reflux had pathologic proximal esophageal acidity on pH monitoring (35) . What effect such acidity has on the function of the Na + channels in ESSE is unknown. Moreover, and of clinical interest, is to what extent these channels permit the passage of H + , the smallest of cations, and ones present in high luminal concentrations due to acid reflux. In effect, the question to be considered is whether the apical Na + channel serves as a direct pathway for H + to traverse the apical membrane and acidify the cell cytosol -thereby promoting the development of reflux esophagitis. This concern takes on added significance because of the apical membrane location of the channel where it is exposed to luminal content and because of its established lack of cation selectivity (18, 29, 31) . Nonetheless, while this scenario is of concern, Khalbuss et al impaled esophageal surface cells with pH-sensitive microelectrodes and showed that luminal acidity as low as pH 3.0 had no effect on intracellular pH (pH i ) and that lowering luminal pH to 2.0 resulted in only a small decline in pH i of ~ 0.2 pH units (14) . Further, these observations were all the more surprising given that the (rabbit/human) esophagus, unlike the stomach or duodenum, is devoid of a surface coat of mucus and has minimal capacity to buffer back diffusing luminal H + toward the surface of the epithelium (9, 20, 25) . For instance, Abdulnour-Nakhoul et al showed that at luminal pH 2.0, the modest gradient maintained between luminal acidity and surface acidity in rabbit esophagus at pHs of 3.5, collapsed when luminal acidity was Tobey-5 lowered to pH 2.0 -i.e. at pH 2.0 luminal and surface pH became the same (1) . In effect the data indicate that free diffusion of H + directly from the lumen into the cell cytosol does not occur in ESSE even when apical membranes contain a nonselective Na + channel. This suggests that environmental pH may regulate ion transport through this channel in ESSE as has been previously reported for the classic Na + channel (3, 8, 13, 18, 22, 37) , and that this may serve a protective function in vivo against acid reflux injury to the esophageal epithelium in humans.
For the above reasons, we investigated the effects of luminal acidity on the function of the apical Na + channels in ESSE -and did so using two Ussing chamber techniques. One was done by mounting ESSE in Ussing chambers and abolishing the spontaneous short-circuit current (Isc) by permeabilizing the basolateral membranes of ESSE to monovalent cations by serosal exposure to nystatin. In this model, then, the Isc generated by ion gradients across ESSE can be used to monitor ion transport via the apical Na + channel. The second method was by performance of impedance analysis on ESSE mounted in Ussing chambers but not exposed to nystatin. This technique enables ion transport across the apical and basolateral membranes to be separated and characterized non-invasively under varying environmental conditions such as changes in acidity.
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MATERIALS AND METHODS:
Ussing Chamber Technique. Healthy New Zealand White male rabbits weighing between 8-9 lbs were killed by administering intravenously an overdose of pentobarbital (60 mg/ml). The esophagus was excised, opened, and stripped of its muscle layers in a paraffin tray containing ice-cold oxygenated normal or HEPES (N-2-hydroxyethylpiperazine-N'-2 -ethanesulfonic acid) Ringer solution so that a sheet of tissue was obtained consisting of stratified squamous epithelium and a small amount of underlying connective tissue. From this tissue, four sections were cut and mounted as flat sheets between Lucite half-chambers with an aperture of 1.13 cm 2 for measurements of potential difference (PD), short-circuit current (Isc), and calculation of transepithelial electrical resistance (R T ). Tissues were bathed with either normal Ringer (composition in mmol/L) Na + 140, Cl -119. 8 Impedance Analysis. Impedance analysis was carried out on short-circuited tissues in modified Ussing chambers that are designed to minimize edge damage and allow continuous Tobey-8 perfusion of either the apical or basolateral solutions (4) . Impedance was continuously monitored by imposing 5 distinct voltage sinusoids and a low frequency (sub Hertz) voltage command signal. The resulting current signal, along with the imposed voltage were digitized, Fourier transformed, and used to calculate the magnitude of the transepithelial conductance (gm), and capacitance (Cm). Data were collected every 10 s and plotted as a function of time along with the short-circuit current (Isc). These parameters are well-accepted means for non-invasively monitoring the activity of membrane ion channels as well as its area, respectively. Moreover, in the kHz range, the measured capacitance is predominantly due to the apical membrane area and can therefore be used to monitor potential trafficking events at this membrane.
Following each experimental manipulation an impedance spectrum was also measured.
This procedure involved imposing a complex voltage command sinusoid containing 103 different frequencies with frequencies ranging from 1 Hz to 19.4 kHz. The current and voltage signals were digitized, Fourier transformed and used to calculate the complex impedance as a function of frequency. Data were plotted (see Fig. 9 ) using a Nyquist format of real (Real Z T ) versus imaginary (Imag Z T ) components of the impedance. In this representation, the impedance of each membrane describes a semi-circle owing to the parallel arrangement of resistance and capacitance. Under conditions, as observed in esophageal epithelia, where the apical membrane resistance and capacitance are markedly different than that of the basolateral membrane, the resulting Nyquist representation yields two semi-circles.
In this case, and owing to the higher basolateral than apical area, the low frequency semi-circle reflects the basolateral impedance, while the higher frequency semi-circle reflects that of the apical impedance.
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Statistics: Statistical significance was determined using Student's t-test for parametric data and the Mann-Whitney test for nonparametric data (injury assessment). All data were reported as the mean ± standard error.
Animal Experiments. The animal protocol was approved by the Institutional Animal Care and Use Committee (IACUC).
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RESULTS
To investigate cation permeation through the NSCC in esophageal epithelia, tissues were mounted in Ussing chambers and exposed serosally to nystatin. Following nystatin permeabilization of the basolateral membrane, Isc fell to zero creating an apical cell membrane-junctional complex barrier model that enables subsequent changes in Isc with imposed gradients to reflect lumen-to-serosal (transepithelial) cation flux. H + diffusion across the epithelium was then investigated in this model at varying luminal pH. As shown in Figure   1A , after nystatin abolished Isc, lowering luminal pH from 7.0 to 2.0 with 3N HCl had no effect on Isc, i.e. Isc remained zero, and this correlated with lack of change in R T ( Figure 1B ).
Further, circuit analysis after luminal pH 2.0 for 30 min revealed that Ra and Rs increased significantly while Rb declined a small but insignificant amount ( Figure 2 ). Also, fluorescein flux after pH 2.0, though increased, was not significantly different from that of tissues exposed to normal Ringer solution ( Figure 3 ). When luminal acidity was further increased to pH < 2.0 -i.e. pH 1.6 then pH 1.1 -Isc increased to 5 uAmps/cm 2 and 16 uAmps/cm 2 and R T decreased by 106 ohms . cm 2 and 368 ohms . cm 2 , respectively ( Figures 1A and B ). Further, these changes were accompanied by a significant increase in mucosal-to-serosal fluorescein flux as illustrated for exposure to pH 1.1 for 30 min (Figure 3 ). [Note: serosal-to-mucosal fluorescein flux after exposure to pH 1.1 (data not shown) was similar to that shown for mucosal-to-serosal flux in Tobey-11 entire pH range (data not shown). The only notable difference was that at pH values < 2.0 the magnitude of the increase in Isc with H 2 SO 4 was significantly greater than for HCl at pH 1.6 ( Figure 5 ).
To study Na + permeation through the NSCC, a 10:1 lumen-to-serosal gradient for Na + was created (by reducing serosal bathing solution Na + to 14 mM while maintaining luminal Na + at 140 mM) in nystatin-treated tissues. At neutral pH, the 10:1 Na + gradient produced a rise in Isc that stabilized at ~ 5 µAmps/cm 2 above baseline ( Figure 6 ) -a value similar to that observed with a lumen-to-serosal gradient for H + of ~ 500,000:1 ( Figure 1A ). [Note: Figure 6 also shows that the rise in Isc generated by the imposed Na + gradient in a nystatin-treated tissue reflects cation movement through the NSCC as opposed to the paracellular pathway because of the lack of effect on Isc of a similar Na + gradient in tissues that were not pretreated with nystatin.] The effect of acidity on NSCC was then assessed in the presence of the 10: there was no discernable effect on the Isc created by the Na + gradient. However, when either luminal or serosal acidity was reduced to pH 3.5, Isc began to decline. For luminal acidity, Isc declined to ~ +1 µAmp/cm 2 at pH 2.0 and then dramatically rose to ~ +4 µAmps/cm 2 at pH 1.6, the latter a reflection of a break in the barrier (decline in R T -data not shown) and
generation of a H + diffusion gradient from lumen-to-serosal side through the paracellular pathway (see Figure 1A ). For serosal acidity, Isc declined to a greater extent than for luminal acidity, reaching zero at serosal pH 2.0 and decreasing to ~ -3 µAmps/cm 2 at serosal pH 1.6.
[Note the change in sign for Isc at serosal pH 1.6 that reflects a break in the barrier as with luminal pH 1.6 and generation of a H + diffusion gradient but from serosal-to-luminal side rather than vice versa for luminal pH 1.6.] Also following restoration of a neutral bathing solution pH after exposures to luminal or serosal pH 2.0, Isc rose but reached by 1 hr only 50-60% of the Isc observed in simultaneously studied non-acidified Na + gradient controls (data not shown).
Impedance analysis was also performed on intact esophageal epithelia mounted in Ussing chambers and exposed to varying luminal pH. Consistent with the above findings, Consistent with this conclusion is the observed sustained inhibition of capacitance at apical pH 2, and the larger sustained decrease in symmetrical pH 2. Thus, one possible interpretation of these data is that acidification irreversibly inhibits the apical membrane cation channel via decrease of channel density mediated via endocytosis leading to a lower Cm.
To further test the above hypothesis on the effects of pH on the apical membrane, an impedance spectrum was collected. As shown in Figure 9 , the Nyquist presentation yields a clearly demarcated apical and basolateral membrane impedance. As mentioned in Methods, the basolateral membrane impedance is dominant at low frequencies, while the apical membrane dominates at high frequency. The resistance of both membranes is obtained from the intercepts with the real axis at low and high frequency. It is clear from Figure 9 that apical membrane resistance is increased as the luminal solution is acidified. This response is enhanced with either basolateral pH 2 alone (data not shown) or with symmetrical (apical and basolateral) pH 2 (Figure 9 ), indicating a potential role of intracellular pH rather than extracellular. This finding is similar to that observed in Fig. 7 where apical or basolateral acidification produced inhibition of the Isc at pH 2. In both cases, however, the increase of apical resistance is not reversible with washout to pH 7.4, again consistent with a second messenger intracellular pH mediated effect.
An interesting effect observed in Figure 9 was that the changes of apical and basolateral membrane impedances were opposite in direction. In this case, the presumed intracellular acidification is causing an inhibition of the apical membrane, a finding that is also consistent with the observed decrease of capacitance ( Tobey-15
DISCUSSION.
The present experiments were designed to assess in esophageal epithelium the ability of H + to traverse the NSCC at low extracellular pH and to characterize the effects of low extracellular pH on the ability of Na + to traverse the NSCC. The studies were carried out using rabbit esophageal epithelium mounted in Ussing chambers and exposed serosally to nystatin.
Nystatin was used to permeabilize the basolateral cell membranes to monovalent cations and by so doing to abolish active ion transport (Isc approached zero) and negate the contribution of the basolateral membrane to the transepithelial electrical resistance. This maneuver resulted in a model of a chambered epithelium whose barrier function was predominantly due to parallel resistances of the apical cell membranes and intercellular junctional complexes and whose Isc could be used to reflect passive diffusion of ions across the barrier during the presence of an applied lumen-to-serosal (or vice versa) ion gradient. Alternatively, impedance analysis was used to assess the contribution of each membrane in intact epithelia.
When a lumen-to-serosa H + gradient was produced by lowering luminal bathing solution pH from 7 to 2.0, the latter yielding an H + gradient of ~100,000:1, no change in either Isc or R T was observed -Isc remaining zero and R T stable at baseline levels. In addition circuit analysis showed that both apical and shunt resistance rose in tissues exposed to pH 2.0 for 30 min. The likely explanation for these observations was that the barrier created by the apical membranes and junctional complexes remained intact at these levels of luminal acidity and that H + diffusion across the apical membranes and its NSCC and/or junctional complex was insufficient to produce a measurable change in current. Alternatively, most of these same observations could be explained if luminal acidity was never translated into similar acidity at the level of the surface cells within the epithelium -the latter protected as it were by a surface Additional evidence for a paracellular route of H + movement is provided by comparing the effects of acidification with H 2 SO4 and HCl (see Fig. 5 ). suggests that the paracellular pathway retains its selectivity for Clover SO 4 2even at these high [H + ]. These data are also consistent with previously published data from circuit analysis on esophageal epithelium indicating a break in the barrier (fall in R T ) by acid at pH < 2.0, accompanied by a decrease of shunt resistance (30). Taken together, these findings indicate that H + are unable to freely diffuse through the NSCC in the apical membranes of esophageal epithelium and that even under acidic stress sufficient to break the barrier, H + passage is via the shunt rather than cellular pathway.
To gain further insight into the effect of luminal acidity on the function of NSCC in esophageal epithelium, we utilized the nystatin model to monitor Na + diffusion through the NSCC by creating a lumen-to-serosa Na + gradient -a gradient that provided a stable rise in Isc of ~4 µAmps/cm 2 . That the observed Isc rise reflected Na + movement via the NSCC and not the shunt pathway was evident by the fact that the same Na + gradient across esophageal epithelium not pretreated with nystatin showed no sustained change in Isc. Consequently, the Isc generated by the Na + gradient in nystatin-treated tissue enabled the function of the NSCC to be monitored while varying bathing solution acidity. As shown in results, acidification of the luminal or serosal bathing solution to levels of pH < 3.5 resulted in a progressive decline in Isc such that at pH 2.0 Isc approached zero. These findings are consistent with those above in that H + didn't traverse the NSCC; moreover they showed that luminal or serosal acidity inhibits all cation movement (as illustrated by Na + ) via the NSCC. Also, serosal acidity was somewhat more rapid and effective in inhibiting the NSCC than luminal acidity which suggests that inhibition of the channel was likely mediated by intracellular H + rather than extracellular H + . This is the case since it has been previously reported that H + more readily enters esophageal cells across the basolateral cell membrane than across the apical cell membrane (14, 32, 33) .
An inhibitory effect of acid on Na + absorption in electrically tight epithelia such as frog skin and toad bladder has been previously reported (13, 22) ; and the mechanism for this effect reported to be due to acid's inhibitory effects on the apical membrane sodium channels.
Moreover the effect of acid on the channel was found to be mediated via changes in intracellular and not extracellular pH. In our studies, impedance analysis revealed that Isc was largely irreversible. A decrease of the high frequency capacitance is observed indicating a decrease in apical membrane area. This effect is consistent with the poor reversibility and the increase in apical membrane resistance. Furthermore, luminal acidification at levels that have little or no effects on junctional permeabilities (pH>2), produced large changes of basolateral membrane resistance, suggesting an intracellular mechanism of H + actions. Therefore, the simplest interpretation for these findings is that luminal acidification, via effects on intracellular pH, inhibits the apical membrane NSCC via endocytosis leading to a decrease in area, an increase in resistance, and poor reversibility. Nonetheless, further experiments are needed in order to confirm the presence of endocytosis under these conditions. On the other hand [H + ] at pH 2 alters the junctional permeability and transverses the epithelium at rates high enough to be observed as a reverse current, only via the paracellular pathway.
The data in the manuscript support serosal acidity having a greater effect on apical NSCC Na + conductance than does luminal acidity ( Figure 7 ) and consequently we suggested that intracellular pH is more important than extracellular (luminal) pH in regulating NSCC.
We also concluded that H + are not transported into the cell via the apical NSCC. These results, which may appear contradictory, are reconciled by recognizing that luminal H + gains access to the cell cytosol by first diffusing through the paracellular (shunt) pathway to access the more acid-permeable basolateral membrane. H + then crosses the basolateral membrane to gain access to the cell cytosol (and NSCC) rather than directly accessing the cell cytosol by crossing the apical cell membrane. Support for this conclusion is also derived from a study in which a luminal cell in a chambered sheet of rabbit esophageal epithelium is impaled with a pH microelectrode for monitoring of intracellular pH (pH i ) (14) . E-cadherin (12, 15, 17, 27, 28) . To date only E-cadherin has been subjected to functional analysis-this by using the calcium-switch technique. Removing bathing solution calcium results in an ~ 50% decline in shunt resistance and one that is reversible upon restoration of calcium. Restoration or 'resealing' of the junction with calcium replacement is effectively blocked by antibodies or small peptides to the extracellular domain of E-cadherin (28).
Tobey-21
In summary, the apical NSCC in esophageal epithelium are impermeant to H + even at gradients of 1:100,000 (while permitting Na + passage at gradients as low as 10: Values are mean ± SEM, n=6. In the control tissues that were not treated with nystatin, imposition of the same gradient is shown to have no sustainable effect on Isc. This indicates that the rise in Isc in nystatin-treated tissues is a reflection of Na + diffusion through the apical membrane cation channels. 
